D
eterministic synthesis of onedimensional (1D) crystalline nanowires (NWs) with controlled morphologies and properties is currently a major objective in nanosciences and nanotechnologies. 1 Various synthesis routes have been developed, and their applications to NW synthesis have been intensively pursued. Compared with the solutionbased methods, vapor transport growth has the advantage of being more environmentally friendly and often can give NWs with high aspect ratios, which is critical for many key applications. VaporϪliquidϪsolid (VLS) growth is one of the most popular synthesis methods, where liquid-state catalyst nanoparticles absorb the precursor vapor and NW growth starts when supersaturation is reached in the nanoparticles. 2Ϫ5 Recently, a variant that uses solid-state catalysts at lower temperatures, termed as the "vaporϪsolidϪsolid" (VSS) growth, has also been devised to grow NWs. 6 In another distinct approach without the use of catalyst, NW synthesis has been accomplished through the vaporϪsolid (VS) route. 7, 8 Among all the techniques to produce NWs, the hot plate method is probably the most convenient and cost-effective, where heating metal foils in either atmosphere or controlled environment was found to give 1D nanomaterials. 9 Complementary to the above vapor-based routes, templateassisted methods have been employed to produce NWs with uniform size; for example, liquid or gas phase precursors were filled into the pores of anodic aluminum oxide (AAO) membranes to render either NWs or nanotubes. 10 However, it is well recognized that for some materials the currently available synthesis methods are not very effective to enable the anisotropic growth of 1D NWs. This is in particular true for materials with cubic crystal symmetries which lack the structural anisotropy critically needed for the growth of single crystalline NWs. Synthesis of these oxide NWs requires developing novel routes beyond the conventional ones. Nickel oxide (NiO) is one of such notable materials. NiO is an important member in the family of binary oxides with a cubic rock salt structure and a lattice parameter of 0.4195 nm. Several decades ago, NiO played a very critical role in the development of the modern solid state physics by revealing the limitation of the free electron model and the critical role of strong electron correlation. 11 Today, NiO is an important p-type semiconductor material 12 and has been extensively investigated because of its myriad applications in catalysts, 13, 14 gas sensors, 15 battery materials, 16 electrochromic coatings, 17 and so on. It is also a canonical antiferromagnetic material with a Neel temperature of 523 K, 18 and often used in magnetic multilayer devices. 19, 20 Most recently, NiO showed excellent resistive switching behaviors and may find potential uses in nonvolatile memories. 21, 22 Up to now, a variety of methods have been attempted to achieve nanostructured NiO, but all of them suffer from drawbacks. For example, solution-based chemical routes 23 and solϪgel methods 24 were shown to produce NiO NWs in large quantity, but the NWs have no alignment. Electrochemical deposition into anodic alumina membranes 25, 26 and oxidation of NiS precursor in molten salt 27 were also employed to prepare NiO NWs. However, these two methods lead to only polycrystalline NWs. To the best of our knowledge, template-free synthesis of aligned single-crystal NiO NW arrays has not been reported.
In this study, we discovered a novel template-and catalyst-free method to synthesize high quality NiO NW arrays. This facile method involves controlled anisotropic etching of a nickel (Ni) foil through a NiO layer with low-pressure Cl 2 vapor, which is accompanied by continuous oxidation. It is the first time, to our knowledge, that single-crystal NiO NW arrays were synthesized with a template-free method. Furthermore, we show that this method is a general approach to produce metal oxide NW arrays and can be used to dope the NWs by adjusting the vapor source.
RESULTS AND DISCUSSION
The synthesis of the NiO NW arrays was carried out in a home-built vapor transport system comprising a horizontal tube furnace (Lindberg/Blue mini-mite) and a gas delivery and pumping system as described previously. 28Ϫ30 The schematic of the experimental setup is shown in Figure 1a . Ni foils were cut into small pieces, cleaned, mechanically polished, and electrochemically polished. Finally, the Ni foils were annealed to decrease the internal stress and to further improve the crystalline quality (see Supporting Information Figure S1 ). These presynthesis treatments are critical to achieve (100) textured Ni foils with very flat surfaces. The treated Ni foils ( Figure 1b) were then put in the center of the furnace between the small tubes containing the NiCl 2 powder. We need to point out here that the Ni foils serve as both the substrate and the nickel source. Nickel chloride (NiCl 2 ) powder was put into two small one-end-open quartz tubes. After the growth process, a layer of green products was grown on the surface of the Ni foils. Figure 1c shows the optical image of the Ni foil after growth. The green color indicates the presence of NiO on the Ni foil. We found that NiO NWs are not directly grown on the Ni foil, but imbedded under a NiO film (the growth mechanism will be discussed in details later on). Thus to reveal the NiO NW arrays, we need to bond a supporting substrate to the sample using either silver paste or double-sided tape, then the NiO NWs can be conveniently transferred to the substrate by lift-off. Since the growth and transfer processes are separated, a supplementary advantage of this method is that there is no limitation on selecting the final supporting substrate. Figure 1d shows the optical image of a sample of NiO NW arrays being transferred to a flexible plastic substrate. Figure 1e shows a typical SEM image of the NiO NW arrays. The NiO NWs are several micrometers in length and about one hundred nanometers in diameter. They are quite uniform and appear well aligned. Figure 1f Among a dozen NiO NWs we examined using HRTEM, we also observed a few growing along [220] (Supporting Information, Figure S2 ). Nevertheless, we found that the majority of the NiO NWs are along the [200] direction, which is in agreement with the XRD data.
We now discuss the tentative formation mechanism of the NWs which grow underneath the NiO overlayer. The schematic in Figure 3aϪd illustrates the growth process of the NiO NW arrays. At the growth temperature, three major reactions are involved: 31 The high temperature oxidation of Ni and the formation of NiO scale have been studied for many years. 32 The oxidation reaction in eq 1 accelerates as the furnace temperature increases, which is accompanied by a weight gain of the Ni foil ( Supporting Information, Figure S3) . The formation of NiO is also confirmed by the XRD data shown in Figure S4 ; the NiO [200] peak at 43.3°starts to appear and becomes stronger as the temperature increases. When the furnace temperature reaches 600°C, NiCl 2 powder starts to evaporate into the gas form, which is evidenced by the rapid weight loss of the NiCl 2 powder above this temperature (Figure S3) . The reaction 2 suggests that NiCl 2 vapor reacts with O 2 in the mixture gas to produce Cl 2 gas. The existence of Cl 2 gas can significantly affect the kinetics of the oxidation process. 31 It is important to note that there are many closely spaced microchannels across the columnar NiO scale, and the gaseous species can penetrate the scale along the fine grain boundaries. 32 Subsequently, according to reaction 3, the Cl 2 gas diffuses through the NiO layer and etches the Ni substrate underneath it. This process helps to gently sculpt the continuous Ni foil into wire-like morphology as illustrated in Figure 3c . According to the reaction 3, during etching, additional NiCl 2 is produced in the gas form, which is fed back to reaction 2. Hence, NiCl 2 and Cl 2 are conserved, and the overall result is the oxidation of Ni. However, this balance is not strictly maintained in the experiments; NiCl 2 and Cl 2 in the gas form continuously escape from the samples and flow away with the carrying gas, which eventually terminates the reactions.
We should note that although no template is deliberately employed in the synthesis, the nanograined NiO scale serves as a mask guiding the infiltration of Cl 2 and O 2 gases. As illustrated in the schematics in Figure  3 , concurrent to the etching process is the oxidation of Ni into the NiO NWs, which is sustained by the carrying gas. During this process, the electric field of more than 10 6 V cm Ϫ1 developed between Ni and NiO, 33 along with the giant mechanical stress at the interface, 34 may assist the self-organized formation of the NiO NW arrays. It has been reported that in the oxidation of highly textured Ni tapes the crystallographic orientation of the NiO grains is closely correlated with that of the Ni grains underneath. 35 Therefore, the annealing process prior to the NW growth helps to produce highly textured Ni foils and warrants the crystalline alignment of the produced NiO NW arrays. Furthermore, the NiO scale with fine channels limits the reaction rate and helps to protect the Ni foil from being etched excessively. If the oxidation proceeds too fast, the growth stress may cause the oxide to separate from the metal due to the insufficient oxide plasticity. 36 This is analogous to the recently reported spontaneous growth of NiSi x NWs where polygrained NiO x overlayers act as a diffusion barrier to kinetically and spatially control the Ni diffusion during the chemical vapor growth. 37, 38 It was shown that the presence of the oxide overlayers on Ni seed layers promote the reproducible onedimensional growth of NiSi x single crystals. Similarly, oxide overlayers play critical roles in our experiments to control the vapor supersaturation and to give the reliable NiO NW growth.
We suggest to term this approach of producing aligned NiO NW arrays the "metal-etching-oxidation" (MEO) process which captures the essence of the formation mechanism. Furthermore, to achieve direct evidence to confirm the above scenario, we looked at the cross-sectional SEM image of the NW arrays exposed by using focused ion beam (FIB) milling. As shown in Figure 3e , the NiO NWs are imbedded between the NiO scale layer and the Ni foil. Even though significant breaking, melting, and fusing of the NiO NWs occurred because of the large ion milling current, the observed particular columnar structure of the NiO NW arrays supports the proposed growth mechanism. However, we should be cautious regarding to the details of the exact growth mechanism owing to the lack of direct experimental evidence and real-time observation. We noted that anisotropic silicon NW arrays have been recently fabricated via a metal-assisted chemical etching method. 39, 40 Although both the reported method and ours rely on anisotropic etching, our approach does not involve the use of any catalyst and appears to be more suitable to prepare NWs of metal oxides.
Since etching and oxidation are the two key elements in the MEO process, chlorides other than NiCl 2 should also be capable to initiate the growth. To test this hypothesis, we chose CoCl 2 as the source powder in the synthesis. At high temperatures, Cl 2 gas is produced as the following:
Following a similar growth mechanism as in the NiCl 2 case, NW arrays were obtained. As shown in Figure 4a , the NW arrays are uniform, being 2 m in length and about 100 nm in diameter. In addition, this change of source allows us to introduce Co as a doping element into the NiO NWs. The Co doping process occurs simultaneously with the etching and oxidation process, and the high synthesis temperature assists the efficient diffusion of Co in the NiO matrix. As shown in the XRD patterns in Figure 4b , the (200) peak of the Co-doped NiO NWs shifts toward a lower angle compared with that of the undoped counterpart, which is consistent with the fact that the radius of Co ions (0.0838 nm) is slightly larger than that of the Ni ions (0.0830 nm). The HRTEM image in Figure 4c shows that the single crystal NWs grow along the [200] direction, consistent with the results of the NiO NWs. The EDS data suggest a Co doping level of ca. 1%. In addition, in the EDS line scans across an individual Co-doped NiO NW (Figure 4d) , the Co profile appears to follow the Ni profile very well, indicating a uniform distribution of the Co element. 41 We further demonstrate that one is able to tune the morphology of the NiO NWs through adjusting the growth temperature and the oxygen content in the carrying gas. As shown in the SEM images in Figure 5aϪc , the diameter of the NiO NWs increased from 100 to 500 nm as the growth temperature changed from 900 to 980°C. This clear trend shown in Figure 5d could be due to two reasons. One is that a higher growth temperature always results into a NiO scale with larger grains. 42 Since the NW morphology is mainly defined by the Cl 2 gas etching through the grain boundaries, larger grains eventually lead to thicker wires. The other is that a higher temperature significantly promotes the Ni oxidation, thus circumvents the etching, which may also result in NWs with larger diameters. At 980°C, the cross section of the NiO NWs appears to be square-like, indicating their single crystal nature.
We found that the growth temperature has little effect on the length of the NiO NWs. Instead, the NW length can be well controlled by adjusting the gas content. As shown in the SEM images in Figure 6aϪd , shorter NWs could be obtained if a carrying gas with lower oxygen content was used. The length and diameter of NWs were measured for these samples, and the statistical results are shown in Figure 6e and f. The NW length increased from 1 to 10 m with the increasing oxygen content from 0.5% to 15%, while the diameter changed only slightly. This effective length control originates from the fact that a higher oxygen concentration promotes the oxidation and protects the NW core from the excessive etching. Consequently, the Cl 2 etching gas goes deeper into the Ni foil, forming longer NiO NWs. Since the diameter and the length of the NiO NWs can be independently controlled by the growth temperature and the carrying gas content, the synthesis route herein gives lots of flexibility in the morphology control.
Recently NiO thin films have been reported for their potential applications in the next generation resistive RAM (ReRAM) devices, which may serve as alternatives to the current nonvolatile flash memory technology. 43, 44 Although the switching model involving the formation and rupture of conducting filaments is widely used to explain the experimental observations, the complex switching mechanisms in NiO warrants further investigations. Very recently, reversible resistive switching behaviors have been demonstrated in NiO nanowires fabricated in anodized aluminum oxide membranes 13 and MgO/NiO core/shell heterostructured NWs. 45 Our preliminary results suggest that the NiO NW arrays grown by the MEO method also show bipolar resistive switching (Figure 7) . We scratched near the edge of the sample to reach the Ni foil underneath the NWs, and then the exposed Ni foil and a Pt pad deposited on the NiO NW arrays served as the electrodes for the switching experiments (the inset of Figure 7 ). When a voltage was applied as 0 ¡ 4 V, the current through the Pt/NiO/Ni device increased dramatically to the A range, indicating a "SET" process. The device can be switched back to the initial high resistance state by applying a voltage sweep as 0 ¡ Ϫ4 V, indicating a "RESET" process. The ON/OFF ratio between the high resistance state and the low resistance state reached 2 orders of magnitude.
Furthermore, the novel synthesis approach presented here can also be applied to other metal oxides.
One prerequisite of the application of this method is the formation of a thin granular oxide scale covering the metal foil which critically facilitates the etching process. Considering that the Gibbs energy of forming CoO is similar to that of forming NiO, 46 we tried our MEO method on the fabrication of CoO NW arrays. Indeed we found that CoO NW arrays can also be grown on Co foils following a similar route, as shown in Figure  8a . Our preliminary results suggest that, similar to NiO, NWs of CoO can also be grown via the MEO method. In this case, we used Co foils as the substrate and CoCl 2 as the source. The experimental growth conditions are similar to those for the growth of NiO NWs. As shown in the SEM picture, the CoO NW quality is yet to be opti- mized; the NWs appear shorter than the NiO counterpart and the NWs diameters are not uniform. Nevertheless, the XRD data in Figure 8b suggests that the growth product is CoO without second phase. Thus these preliminary results encourage the application of this MEO method to the synthesis of other metal oxide nanowires.
CONCLUSIONS
Single crystal NiO NW arrays have been synthesized for the first time through a facile vapor-based metaletching-oxidation method. The diameter and the length of the nanowire can be well controlled by adjusting the growth temperature and the carrying gas content. Furthermore, by replacing NiCl 2 with CoCl 2 in the source powder, uniform Co doping can be introduced in the NiO NWs. We also used CoO as an example to demonstrate that this method can be applied to synthesize NWs of other oxides. In the general context, it is well-known that materials belonging to the highsymmetry cubic space groups are notoriously difficult to grow into anisotropic single crystalline nanowires. Therefore, our method presents a novel and general route to synthesize low dimensional metal oxide nanostructures, and will help to advance the research on their functionalities and applications.
EXPERIMENTAL SECTION
Nanowire Synthesis. The synthesis of the NiO NW arrays was carried out in a home-built vapor transport system comprising a horizontal tube furnace (Lindberg/Blue mini-mite) and a gas delivery and pumping system. 28Ϫ30 NiCl 2 power with a weight of 0.1 g (Aldrich, 98%) was introduced into two one-end-open quartz tubes and put opposite to each other in the middle of the furnace quartz tube. Ni foils (0.125 mm thick, Aldrich 99.9%) were cut into small pieces with a typical size of 10 mm ϫ 10 mm and cleaned by acetone. After cleaning, the foils were mechanically polished using a Buehler MiniMet 1000 polisher, following three step: (1) polishing with SiC paper disks (120-grit) under water cooling; (2) using rigid grinding disks (Metadi Supreme, 3-m PC); (3) using microcloth pad with 0.05-m alumina suspension. Subsequently, the foils were electrochemically polished in a mixture of HClO 4 and C 2 H 6 O (1:4 volume ratio). As a final step of foil preparation, the Ni foils were annealed at 1000°C for 8 h in a gas mixture of 90% Ar and 10% H 2 in order to decrease the internal stress and to further improve the crystalline quality. After these polishing and annealing procedures, the Ni foils were placed at the middle of the furnace tube between the small tubes containing the NiCl 2 powder. For the growth, the quartz tube was evacuated to a background vacuum of a few mbar, and the furnace was heated up to 600°C at a rate of 50°C/min. Then, a mixture gas of Ar and O 2 was introduced with a constant flow rate of 100 sccm, and the pressure inside the quartz tube was maintained at 800 mbar. Finally, the furnace was heated up further to the growth temperature and maintained for 15 min. After the furnace was cooled to room temperature, a layer of green products was grown on the surface of the Ni foils.
Characterization. A JEOL JSM-6700F field emission scanning electron microscope (SEM) and a JEOL 2100 high resolution transmission electron microscope (HRTEM) were used to study the morphology and structure of the samples. The composition was determined by an attached energy-dispersive X-ray spectrometer (EDS). The X-ray diffraction (XRD) analysis was carried out using a Bruker AXS D8 Advanced powder diffractometer with Cu K␣ radiation. Focused ion beam (FIB) milling was performed using a XT Nova Nanolab 200. The electrical characterizations were carried out at room temperature on a probe station equipped with a Keithley 4200 semiconductor parameter analyzer. G   477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551   552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595 
